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ABSTRACT 

Steady state and dynamic data were acquired in a TS5-L-712 com- 
pressor rig. In addition, a T55-L-712 engine was instrumented and simi- 
lar data were acquired. Rig and engine stall/surge data were analyzed 
using modal techniques. This paper compares rig and engine preliminary 
results for the ground idle (approximately 60% of design speed) point 
The results of these analyses indicate both rig and engine dynamic 
events are preceded by indications of traveling wave energy in front of 
the compressor face. For both rig and engine, the traveling wave energy 
contains broad band energy with some prominent narrow peaks and, 
while the events are similar in many ways, some noticeable differences 
exist between the results of the analyses of rig data and engine data. 

1.0 INTRODUCTION 

Compressors in gas turbine engines are subject to aerodynamic 
instabilities knovm as rotating staU and surge if required to operate at or 
beyond certain massflow/pressure rise/rotor speed points. Chi the com- 
pressor map, these points form a line known as the stall/surge line. When 
operating in rotating stall or surge, gas turbine engine performance is 
seriously degraded or impossible. To prevent operation in these regions, 
the gas turbine cycle is normally designed to allow compressor operation 
away from the surge line on an "op Une". This provides an appropriate 
margin to insure continued engine operation in the event of unplanned 
system operation excursions due to, for example, inlet distortion. How- 
ever, this normally results in accepting less than optimal engine perfor- 
mance. The ability to actively suppress these aerodynamic instabilities 
would allow operation nearer this surge line, thereby improving gas tur- 
bine efficiencies. 

Potential improvements in gas turbine engine efficiencies due to 
active compressor stability enhancement (active stall control) suggest 
that the development of this technology should be encouraged. Indeed, 
studies at AlliedSignal (Stratford) indicated a 4.0% reduction in design 

point specific fuel consiraiption for the T55 engine (Sehra.1994) vnth 
studies of advanced designs indicating potentially greater improvements. 
This promised performance improvement has promoted considerable 
interest in this technology area. 

Ludwig et al (1973) demonstrated technology in the 1970s that 
allowed a turbojet engine to operate with reduced stall margin using 
active stall control. In the 1980s, Moore and Greitzer (1985) set forth a 
theory describing the dynamic operation of a compression system as it 
approached and entered rotating stall/surge. This theory predicted the 
existence of precursor waves in front of the compression system that 
would grow into rotating stall. Epstein (1994) first proposed that these 
precursor waves, if properly analyzed, could be used to guide the opera- 
tion of an active control system that would extend compression system 
range. This has been demonstrated on several low speed test compressor 
rigs independently by Paduano (1992) and by Day (1991), but has yet to 
be demonstrated in a high speed compressor. 

To fiuther the development of this technology, the US Army Vehi- 
cle Propulsion Directorate and the NASA Lewis Research Center 
(LeRC) initiated an effort to demonstrate an "active stability control" 
device that would increase compression system stability across a broad 
range of operating speeds in an axi-centrifiigal turboshaft engine. The 
program began with initial rig testing in an AlliedSignal T55-L-712 
compressor rig (completed June of 1993). Preliminaiy analysis of data 
(Owen, 1994) indicated that precursor waves could be identified in the 
compression system. A T55-L-712 turboshaft engine was instrumented 
and installed at LeRC. Testing began March 1995. A proportional high 
speed valve (Mattem and Owen, 1995) was designed and eight were 
installed with shroud jet injectors for forced response testing which 
started June 1995 and ended that October. 

This paper compares rig and engine surge events at the ground idle 
speed. Data presented is from high speed shroud mounted transducers in 
front of the first stage rotor. Data presented were analyzed using a spatial 
Fourier analysis technique. 
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Figure 1. Cutaway Meridional/Radial Views of the Rig and engine Test Facilities 

2.0 TEST AND ANALYSIS FACILITIES 

2.1 Introduction 
References by Owen (1993) and Etter and Hingorani (1993) detail 

the facility, testing, instrumentation, instrumentation locations, data 
acquisition, and data reduction methodologies and equipment for the rig 
testing while Owen (1995) and a NASA Lewis Research Center Pam- 
phlet (1993) provide similar information for the engine testing. Space 
considerations preclude an extensive review of this information and the 
interested reader is referred to these references. 

Engine testing was divided into two phases, a low speed (ground 
idle) test and an "all speed" test. The low speed engine testing was con- 
ducted with the power turbine locked, since the available dynamometer 
could not accept the engine power. Engine airflow was measured by inte- 
grating massflow at the inlet using total and static pressures and mea- 
sured temperatures. The compressor operating point was controlled with 
a start bleed over the sixth stage stator. For "all speed testing", which 
included additional ground idle testing, a waterbrake system and cali- 
brated bellmouth were acquired, on loan, from AlliedSignal. The water- 
brake allowed engine operation over the entire power envelope. The 
bellmouth improved engine airflow measurements to an accuracy within 
± 0.5%. Finally, a combustor inbleed system was designed and in- 
stalled to allow a more realistic compressor stage matching during the 
approach to stall/surge. 

2.2 Differences Between Engine and Rig 
Differences existed between rig and engine test facilities. Figure 1 

shows cross sectional views of both the rig and engine. The compressor 
rig, shown in the upper half of fig. 1, consisted of two sequential 
research inlet bellmouths, the second attached around an operational 
engine inlet, a compressor with a standard operational geometry, a 
downstream plenum nominally sized to simulate a combustor in volume, 
and an exit throttle valve. 

Bleed air was collected in an exit scroll, identified in fig. 1, and 
exhausted from the building through a duct and controller valve. The rig 
compressor drive shaft was mounted through the rig to a gearbox and 
was driven by three T55 engines. In the engine, the downstream plenum 
was replaced with a combustor and the exit throttle with a turbine. The 
rig speed was accurately controlled with the three T55 engines while, in 
the engine, a hydromechanical control unit provided the speed control. 
Notice in fig. 1 that the compressor rig casing was cantilevered off the 
plenum housing while the engine was mounted to a test stand at three 
hard points, two at the 4 and 8 o'clock positions near the first stage of the 
compressor (two of the operational mounting points) and a single hard 
point at the 6 o'clock position at the combustor. 

2.3 Instrumentation 
Differences existed between the rig and engine instrument configu- 

rations. Rig instrumentation included a single flush mounted shroud 
static pressure transducer at every stage starting after stage three and 
three circumferentiaUy equidistant shroud transducers at the impeller 
exit. Engine instrumentation included flush mounted hub (wafer) trans- 
ducers at the exits of the first three stages that confirmed rotating stall 
began in the tip region. Six Mach probes were located approximately 1 
chord length upstream of rotor 1 for the initial portion of the low speed 
engine testing but were later removed, insuring that these probes would 
not effect modal wave development. 

Significant similarities also existed between rig and engine instru- 
mentation. At each of the first three stages, a set of eight transducers was 
flush mounted on the shroud at the same axial location. Both rig and 
engine transducers were at the same circumferential locations and were 
numbered in order increasing in the direction of rotation. Circumferen- 
tial increments were approximately 45 . Transducer sizes at a given 
location, i.e. 15 psi absolute for the stage 1 transducer set, were kept the 
same between rig and engine and, when possible, the same transducers 
were used. Figure 1 shows the meridional/radial positions of the flush 
mounted transducers in front of stage 1. 



2.4 Data Acquisition and Reduction 
For all tests, steady data were acquired consisting of both research 

and operational parameters sampled at 1 Hz. 
For dynamic events on the rig, high bandwidth tig test data (pres- 

sure transducers) were recorded on analog tape for later analysis at the 
LeRC. Low speed dynamic data (up to 80% of design speed) were 
recorded at 30 IPS (inches per second tape speed), providing a band- 
width of 20 kHz. Rig test data were later digitized at approximately 9000 
samples/sec/channel, providing a bandwidth of 3.6 kHz. Engine data 
were recorded digitally using either the LeRC central data acquisition 
system or, later, an in-facility data acquisition system. High speed chan- 
nels were digitized at a rate of about 12750 samples/second/channel, 
providing a bandwidth of approximately 5 kHz. Critical high speed data 
were also backed up on tape at a tape speed of at least 30 IPS. 

3.0 TEST RESULTS 

3.1 Introduction 
This section provides comparison of rig and engine dynamic 

events. A spatial Fourier analysis (SFA) is included in these compari- 
sons. The SFA accomplished on all data used Syed's (1993) implementa- 
tion of Gamier's (1989) method. Although data ftom all three stages 
were analyze4 only the data from the shroud pressure transducers 
located one chord length upstream of the stage 1 rotor are presented. In 
this data, as in all high response data acquired during these tests, strong 
spatial traveling wave energy exists at the rotor frequency. This fre- 
quency information was retained for all presented plots, although data 
were also processed with this signal removed using a notch filter. Data 
were minimally preprocessed by lowpass filtering at 500 Hz. Both rig 
and engine data were processed using the same software and filtering 
techniques. This low pass limit (at over 2.5 rotor frequency) was deemed 
high enougb to allow all pertinent modal information to pass but low 
enough to eliminate unnecessary noise. 

3.2 Rio and Engine Surge Events 
To assess differences in surge events caused by the different meth- 

ods of inducing surge and in test article configurations, the engine was 
surged with both combustor inbleed and with start bleed closing. The 
engine was also surged with and without the inlet Mach probes. Hgure 2 
shows surge event static pressure traces vs time for shroud mounted 
transducers; one in the rig (fig. 2a) and the others in the engine (one with 
start bleed and Mach probes (fig. 2b) and one with combustor inbleed 
and no Mach probes (fig. 2c)). These particular pressure traces were 
taken from the pressure transducers located at position 1, approximately 
top dead center on the casing and approximately one chord length 
upstream of the iirst stage rotor. 

Figure 2a shows two surge pulses (surge frequency -9 Hz). Super- 
imposed upon these surge pulses, rotating stall cells are discernible. 
Notice that the distance between rotating stall peaks is greater during the 
deepest part of the surge event, indicating a change in stall frequency 
from roughly 65% to 42% of the rotor speed. 

Another interesting feature apparent in this plot is in the develop- 
ment of the second surge pulse. Prior to the first surge event (about 8.86 
sec), a single rotating stall cell develops but prior to the second surge 
event (about 8.99 sec) there appear to exist several (probably four) rotat- 
ing stall cells which merge into a single stronger cell later in the event 
This seems to indicate that the boundary conditions the compression 
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system operates with can effect the number of developing stall cells. 
During the second event, repressurization to the surge occurred much 
more rapidly than prior to the first pulse, for example. 

Rgure 2b is a developing engine dynamic event using start bleed 
closure and with the inlet Mach probes in position. Apparent are similar- 
ities to the rig surge in the shape and frequency of the rotating stall cell. 
Here, however, the rotating stall appears to develop more slowly, taking 
twice as many rotations to grow to its largest extent (at 2.37 sec). The 
presence of the inlet Mach probes did not inhibit the development of this 
dynamic event. The most striking difference here is the lack of a clear 
surge pulse. There appears to be a reduction in both steady and peak-to- 
peak pressure variations or a small partial "clearing" of the event at 2.44 
seconds followed by a subsequent deepening of the rotating stall. While 
it is difficult to accurately measure the length of time between the start of 
the event and this "clearing", it would appear that it is nearly the same as 
the time between rig surges (about 0.125 sec). 

Figure 2c shows an engine dynamic event similar to the one shown 
in fig. 2b. However, this event was initiated using combustor inbleed and 
without the inlet Mach probes. The rotating stall develops more rapidly. 
This event also shows little indication of surge. Time required for the 
development of the rotating stalls is the result of the rate at which the test 
article is driven beyond the stall/surge line. It was difficult to approach 
and initiate dynamic events in the engine with consistency. 

The lack of a clear surge at low speed in the engine is due to the 
compressor exit boundary conditions. The occurrence of surges, as 
opposed to rotating stall, are a function of the volume dynamics of the 
compression system. Since no clear surge pulses occurre4 the effective 
volume in the rig did not match the engine volume. This may, in part, be 
the result of the engine flameout which occurs immediately after rotating 
stall begins. The loss of energy input to the air in the combustor may 
unchoke the turbine, allowing the downstream engine volume to become 
a part of the system volume. Unfortunately, the low bandwidth of the 
steady state data acquisition system precluded a direct assessment of this 
possibility. The use of a rig bleed scroll and throttle valve, since they 
clearly change the effective system volume, also play a part. 

Nonetheless, it is apparent that rotating stalls in this compressor at 
this speed are similar in both rig and engine, whether induced by start 
bleed, combustor inbleed, or throttle closure. However, the rate at which 
rotating stalls are induced can profoimdly affect their development. 

Lastly, it is interesting to note that the rotating stall event remained 
present during the entire rig surge event, indicating a very "mild" event 
Avith little reverse flow. 

3.3 Spatial Fourier Analysis 

3.3.1 Intrp^tiction 
All data shown below were analyzed using a spatial Fourier analy- 

sis technique developed by the Massachusetts Institute of Technology 
and based on the work of Moore and Greitzer. This well known approach 
postulates the existence of very mild momentum disturbances that travel 
circumferentially about the front face of the compression system. As the 
compressor approaches the surge line, the system approaches neutral sta- 
bility and these disturbances grow. At the rotating stall/surge point, the 
disturbances initiate or develop into rotating stall/surge. Spatial and tem- 
poral variations (in this instance, pressure) sensed in the inlet of the 
compressor are decomposed into their Fourier components in space 
about the circumference of the compressor inlet The number of Fourier 

components (spatial modes) that can be resolved is a function of the 
number of sensors. For this application, three rotating modes can be 
resolved (seven required sensors). Detailed explanations of the tech- 
nique are presented in Paduano (1992), Gamier (1989), and Tryfonidis 
(1994). 

To develop active stall control devices for turbomachineiy applica- 
tions at least one and possibly three important pieces of information 
must be extracted by this analysis of the data. First, the approach of 
rotating stall/surge must be detected with adequate warning time to 
respond. Second, if two dimensional actuation is desired to inhibit the 
development of rotating stall/surge, the spatial location in time of those 
aerodynamic features that promote the development of the dynamic 
event must be identified. Lastly, tiie transfer fiinction for flie control 
inputs must be determined. The spatial Fourier analysis is designed, in 
part, to provide that information. This paper presents an analysis of data 
to identify the first two pieces of required information. 

The figures included in the following sections present analyzed data 
for approximately the last second prior to the recorded dynamic events. 
This time interval is a compromise. On one hand, it is a short enough 
interval to allow a more detailed look at the development of the dynamic 
events. On the otiier, flie interval is long enough to identify changes that 
can be used to signal the onset of stall/surge. While this paper cannot 
present a detailed explanation of the spatial Fourier analysis, a short 
explanation of the figures is included to help orient the reader. 

Figures 3 and 4 show the results of this analysis on rig (figs. 3) and 
engine (figs. 4) test data. Figure 3a and 4a display the time traces of the 
eight circumferentially mounted transducers in front of the stage 1 rotor. 
In these figures, the direction of rotor rotation is up. 

Figures 3b and 4b plot the location of the modal wave peak (phase 
angle) vs non-dimensional time. If a single rate of movement of any of 
the first three peaks becomes dominant, the rate of change in location 
becomes constant - the line becomes straight Note that in fig. 3b, modes 
2 and 3 are virtually overlaid and difficult to distinguish. Figures 3c and 
4c show the magnimdes of the modal waves. 

Figures 3d,e,f and 4d,e,f present the power spectral densities (PSD) 
for the first, second, and third modes for their respective data sets. These 
plots present the overall power as a function of frequency for the 
acquired datasets. These are plotted with frequency on the abscissa and a 
non-dimensional magnitude on the ordinate. In these plots the "traveling 
wave" is indicated by the difference between the two plotted lines at a 
given frequencies. If the plotted solid line has a greater magnitude at a 
given frequency than the dotted line, the wave is moving in the direction 
of rotation. If both the solid line and the dashed line are the same magni- 
tude, the wave is spatially stationary. Large differences between the two 
lines, such as tiiose shown in fig. 3d at 1 rotor frequency (RS) indicate a 
strong modal energy at that frequency. These plots indicate at what fre- 
quencies the largest traveling wave energies exist. To assess if certain 
frequency ranges become more prominent as the machine approaches 
stall/surge, this calculation is done using a "traveling window" and 
shown in figs. 3h,i j and 4h,i j. These magnitudes are calculated for a 
window fifty samples wide. They are calculated and displayed every ten 
sample steps during the approach to stall/surge. 

Figures 3g and 4g show a non-dimensional integrated total travel- 
ing wave energy vs time from Tryfonidis (1994). This represents the 
total modal or traveling energy for all frequencies contained in the data. 

All of these types of information have been used previously to iden- 
tify the approach to rotating stall/surge in various compression systems. 



3n^2 Ris^TestRegults 
Figures 3 show the results of an SFA on data acquired during a rig 

surge. The roughly linear phase shifts for mode 1 and, to a lesser extent, 
modes 2 and 3, in fig. 3b indicate strong phase tracking over the entire 
presented time interval up to the defined surge event at approximately 
182 rotor revolutions (RR). However, the slight variations in phase 
change indicate that no single modal frequency dominates (notice the 
large vertical axis scale). The possible existence of standing waves will 
also tend to destroy phase angle tracking of a single frequency. Certain 
segments show tracking at near the rotor frequency (RS), for example 
near 50 and again at 100 rotor revolutions. Although difficult to see, 
between 155 and 180 rotor revolutions, the mode 3 phase angle plot 
shows phase angle tracking near 60% of RS. When the rotor frequency is 
filtered out, certain segments of the mode 1 track also show clear track- 
ing at -60% of the rotor speed. Figure 3c shows that no increase in SFC 
magnitudes occurs during this interval. 

The PSD spectral magnitudes (figs. 3d,e,f) plots indicate the reason 
for this behavior.. Modes 1 and 3 contain broad bands of positive travel- 
ing wave energy with peaks at 1 RS and 2 RS. The mode 2 plot shows no 
traveling wave content other than a negative traveling wave at 2 RS. 
Over most of the frequency ranges analyzed, the positive (solid line) 
PSD is larger than the negative PSD. The phase angle plots reflect this 
since the modal waves do not show a single dominant frequency but do 
show positive (in the direction of rotor rotation) traveling wave tracking. 

In fig. 3g, the mode 1 moving window PSD, two "ridges" shown 
are at 60% and 100% of the rotor frequency. Apparent at approximately 
150 rotor revolutions is a growth in the PSD magnitude at 60% of the 
rotor speed and a reduction of the 100% PSD magnitude. This peak then 
drops off and the surge begins. The mode 2 PSD (fig. 3i) plot shows 
increased PSD magnitudes at -1.25 times the rotor speed but no clear 
change in the magnitude prior to surge. The mode 3 plot (fig. 3j) indi- 
cates growth prior to stall with damping immediately prior to stall. 

Tiyfonidis et al. (1994) suggested an increase in traveling wave 
energy may be a robust indicator of impending stall/surge but noted that 
70% speed data from the T55 compressor rig did not show a prominent 
traveling wave energy increase. This appears true at ground idle (fig. 3f). 

In sunmiaiy, a spatial Fourier analysis of rig test data acquired in 
front of the first stage rotor indicates the existence of traveling waves. 
Changes in PSD magnitudes may indicate an impending stall event. 
However, no single wave frequency dominates the approach to stall. 

3.3.3 Engine Test Results 
Figures 4 show the results of a spatial Fourier analysis of a ground 

idle surge induced using combustor inbleed without inlet Mach probes. 
Phase angle tracking is apparent (fig. 4b). But no mode clearly 

shows constant rate of phase change approaching stall to indicate a sin- 
gle dominant frequency. However, the mode 1 results do show consider- 
able intervals of tracking at -132% RF (for example at -80 RR). This 
tracking is broken up intermittently. Also, the mode 2 signals show peri- 
ods of tracking at near the stall cell frequency (-60% RS). All modes 
clearly track the rotating stall cell from 190 RR. The SFC magnitudes 
(fig. 4c), like the rig results, show little indication of impending stall. 

The overall PSD plots shown in figs. 4d,e,f show strong traveling 
energy at a number of discrete frequencies. Specifically, substantial 
energy exists at 0.9,1.0,1.32,1.8, and 2.0 RS. Mode 1 indicates travel- 
ing at 0.9,1.0, and 1.8. Also, this mode shows a broad traveling energy 
band up to -1.2 RS. The strongest energy resides at 1.32 RS and this is 

reflected in the phase angle plot. Mode 2 shows only strong traveling 
wave energy at 1.8 RS, although some exists at 0.9 and 1.32. This 1.8 RS 
energy would suggest modal phase tracking at 0.9 RS and, although this 
frequency tracking is apparent at some times in the signal (-180 RR), it 
does not dominate the phase angle tracking. Broad traveling wave 
energy is shown in the mode 1 and 3 plots, although it is more prominent 
in the mode 3 results. The strongest traveling wave frequencies in the 
mode 3 data are at 1.8 and 2.0 RS. Implying traveling wave frequencies 
at 0.6 and 0.66 RS (both near the rotating stall frequency). 

The calculations of PSD magnitudes using the sliding windows 
show no noticeable transfer of energy between frequencies or growth of 
the PSD at any given frequency. As with the rig test data, the traveling 
wave energy shows little change during the approach to surge (fig. 4g). 
The PSD plotted vs time (figs. 4,h,i,j) show only minor changes with no 
clear indicator of impending surge. 

3.3.4 A Comparison of Rig and Engine Surges 
In general, an analysis of both rig and engine data show strong indi- 

cations of spatially traveling waves for all three modes. However, no sin- 
gle frequency appears to dominate any analyzed spatial mode. Also 
common to both rig and engine test data is significant RS signal content. 

It is also apparent that calculations of SFC magnitude, PSD magni- 
tudes (traveling window), and total traveling wave energy do not provide 
any clear predictor of rotating staU/surge onset for either configuration. 

While significant similarities exist between the rig and engine 
dynamic events, notable differences also exist. The phase angle tracking 
during the engine dynamic event shows distinct periods of tracking at a 
single modal frequency (mode 1 at 1 RS, and mode 2 at -0.60 RS). The 
rig data also shows some mode 2 and 3 tracking at -0.60 RS. 

Engine PSD plots show a far richer content of single frequency 
peaks than equivalent rig data. Table 1 presents frequencies where PSD 
magnitudes peak for rig (tagged with an R) and engine (tagged with an 
E) events. Peaks not indicating spatial movement are tagged with an S. 

Table 1: 

PSD Frequency Peaks 

Model Mode 2 Modes 

0.9 E 0.9 E 0.9 E 

1.0 E, 1.0 R 1.0ES,1.0RS 

1.32 E 1.32 E 1.32 E 

1.8 ES 1.8 E 1.8 E 

2.0 E, 2.0 R 2.0 ES, 2.0 R 2.0 E, 2.0 R 

4.0 CONCLUSIONS 

The following conclusions can be made: 
1) Rig and engine test data taken by eight flush mounted shroud 

pressure transducers located about the compressor inlet one chord length 
in front of the first stage rotor contain strong modal information. How- 
ever, no single frequency dominates any mode during the approach to 
rotating stall/surge. This supports the modal description of rotating 



Stooe 1 Pressure Troees 
' 1 ' ' ' ' 1 ' ' ^^ T" ' ^- 

■ 

■ 

TRA^OUCER 
- 

.11. 
B 
7 
S 
s 

• 
In 

■ tH 
v H « 

3 1 
■J 2 

1 - .1 
■ 

"1 

• ■ 

• 

100 150 
Rotor Revolutions 

Figure 3a. Transducer Pressure Traces vs Time 

Stooe 1 SFCs 
IW ,,,..,...,,... 

^ MODE 1 . 
Cornier method                        y^ • 

100 _ « 

^ yODE 2 • 

so _ _ 

/ : 

0 
'-^ 

SURGE - 

-50 1          ...    1     ...     1     ..    . 

■ 

100 ISO 
ROTOR REVOLUTIONS 

200 

Figure 3b. SFC Phase Angles vs Time 

Stooe  1  S"C MAGNITUDES 
20 

■ 

Cor ier methoO 
- 

15 - - 

(/) t'-'" 
g   10 
2 

- - 
- 

g • 1   MODE 2 

- 5 - 

■ 

SURGE ' MODE 1 
. 

0 /       , • 
100 150 
ROTOR REVOLUTIONS 

Figure 3c. SFC Magnitudes vs Time 

Figure 3. Spatial Fourier Analysis, 
Rig Dynamic Event 

250 

100 150 
Rotor Revolutions 

Figure 4a. Transducer Pressure Traces vs Time 

Stooe 1 SFCs 
200 1     '     ' . 

Gofnier method ■ 

150 - ^ 
, MODE 1 - 

100 - 
y^               .'■'^ 

, Moor ■> 
- 

50 

•        ^ S^^^?^^" 
. •.'..•..•..; .; 

- 

0 ..^:^:^- SURGE - 

-■^n 1     .........    1 1 
50 

ROTOR REVOLUTION'S 

Figure 4b. SFC Phase Angles vs Time 

0.8 

0.6 

Stooe 1 SFC MAGNITUDES 
'—'—'—'—■—1—■—'—'—'—I—'—'—'—'—1—■—'    ■ 

Corn" methoC 

i 
i 0.4 

ikMMlUlJiM^ 

yror - 

u u. </) 

0.2 
'u^M^m^iiMm^^MMM^ 

MODE 2 

0.0 rn'MM^MmitmrniMS 
MODE 1 

100 150 
ROTOR REVOLUTIONS 

2O0 

Figure 4c. SFC Magnitudes vs Time 
Figure 4. Spatial Fourier Analysis, 

Engine Dynamic Event 



Cornier method 

PSD 1 

I-O 1.5 2.0 
Frequency/Rotor Frequency 

3   10" 

Forward Cornier melhoO 

PSD 1 

0.5 '•0 1.5 2.0 
Frequency/Rotor Frequency 

Figure 3d. Mode 1 Power Spectral Density vs Frequency   Figure 4d. Mode 1 Power Spectral Density vs Frequency 

1.0 1.5 2.0 
Frequency/Rotor Frequency 

1.0 1.5 2.0 
Frequency/Rotor Frequency 

Figure 3e. Mode 2 Power Spectral Density vs Frequency   ''''"'' *'■ "°'' ^ ^°'^'' ^P"*-""' ^^"^^^^ ^^ ^^^''"^^'^^ 

. Forward Traveling 
\ 

Cornier method 

PSO 3 

1.0 1.5 2.0 
Frequency/Rotor Frequency 

Comicf method 

PSO 3 

1.0 1.5 2.0 
Frequency/Rotor Frequency 

Figure 3f. Mode 3 Power Spectral Density vs Frequency    Figure 4f. Mode 3 Power Spectral Density vs Frequency 

Figure 3. Spatial Fourier Analysis, Figure 4. Spatial Fourier Analysis, 
Rig Dynamic Event, Continued Engine Dynamic Event, Continued 



10.00 

O.tO ;! 

Cornier method 

MODE I 

MODE 2 

ft.       h 

I 

50 100 ISO 20( 
ROTOR REVOLUTIONS 

Figure 3g. Traveling Wave Energy vs Time 

1.000 r 

0.100 

Cornier method 

MODE 1 

MODE 2 

ROTOR REVOLUTIONS 

Figure 4g. Traveling Wave Energy vs Time 

"^     Frequency 

Figure 3h. Mode 1 PSD vs Frequency vs Time Figure 4h. Mode 1 PSD vs Frequency vs Time 

Figure 3i. Mode 2 PSD vs Frequency vs Time 

Figure 3, Spatial Fourier Analysis, 
Rig Dynamic Event, Continued 

Figure 4i. Mode 2 PSD vs Frequency vs Time 

Figure 4. Spatial Fourier Analysis, 
Engine Dynamic Event, Continued 



»0»f 

Figure 3j. Mode 3 PSD vs Frequency vs Time 
Figure 3. Spatial Fourier Analysis, 

Rig Dynamic Event, Continued 

stall/suige development 
2) The modal analysis of both rig and engine data does not provide 

a robust indication of the onset of rotating stall/suige. However, consid- 
erably more wo± must be done to improve the results of this analysis. 

3) Significant differences between the results of modal analyses of 
rig and engine data suggest that the development of an active stability 
enhancement device requires an analysis of both rig and engine Hatg 

4) The rate at which the compressor is forced into rotating stall/ 
surge may significantly effect the development of the event. This could 
explain some of the differences between the modal analysis results of the 
rig and engine dynamic events. In addition, the relatively rapid repres- 
surization prior to the second rig surge pulse apparently led to multiple 
rotating stall cells that were not apparent in the first surge pulse. 

5) Both rig and engine rotating stall events are similar in shape and 
frequency. However, the engine lacks a distinct surge pulse at 60% of 
design speed. It is not clear whether this is the result of flie differences in 
geometry or test techmques. 
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